By using data of daily electricity consumption and temperature for the period [2003][2004][2005][2006][2007] in Shanghai, the variation of energy consumption and the correlations between energy consumption and temperature are analyzed. The results indicate that winter and summer are the two peak seasons of energy consumption due to the urban residential heating and cooling demand. The base temperature of electricity and daily temperature is 10
Introduction
It is generally agreed that climate is one of the key factors influencing the energy consumption (Colombo et al., 1999; Hekkenberg et al., 2009) . Amongst various climatic factors, which may affect the energy consumption, temperature is the most dominant one (Yan, 1998) . Cline (1992) provided the earliest study on the impacts of climate change in his seminal book The Economics of Global Warming. Akbari et al. (1992) reported that the peak cooling electricity load in some U.S. cities would increase by 0.5% to 3% with an ambient temperature increase of 0.6
• C. Deschênes and Greenstone (2007) provided the first panel-data based approach for estimating the impacts of climate change on residential electricity demand. Their estimates suggest an increase in residential energy consumption in the range of 30%-35% based on the Hadley 3 A1FI predictions, and about 15% with the CCSM A2 predictions. Chen et al. (2006) reported that the winter heating energy consumption reduced by 5% to 30% in northern China and by more than 30% in the Yangtze delta from 1985 to 2004 due to global warming. The IPCC Fifth Assessment Report (IPCC, 2013) assessed that the globally averaged combined land and sea surface temperature as calculated by a linear trend, shows a warming of 0.85 (0.65-1.06)
• C. Shanghai, with the influences of the heat island effect and global warming, shows an annual mean temperature of 16.9
• C for the period of 75 with the highest temperature of 40.0 • C in the 2010 summer and the lowest temperature of -8.0
• C in the 1991 winter.
With the economic development and the improvement of living standards, an increase in electricity consumption is needed. Data from CEIC (CEIC Data Co., Ltd) indicate that the number of air conditioners in Shanghai has increased dramatically in the period [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . The number of air conditioners per 100 households was 200 in urban and 147 in rural area in 2010, respectively, while the electricity consumption was 134×10
9 kW h in 2011 (SMSB and SONBSS, 2012) . For a better energy management, the government of Shanghai is implementing the 12th Five-Year Plan, which is encouraging clean energy production and CO 2 emissions control. Therefore, the investigation of the influence of urban temperature on energy consumption will benefit energy conservation.
In the first part of this study the relationship between temperature and electricity consumption are investigated. Based on this relationship, the base temperatures for cooling and heating demand are derived. In the following sections, relationships between the energy consumption and two climatic indices, namely cooling degree-days (CDD) and heating degree-days (HDD), are used to investigate the correlation with energy consumption in hot and cold months, respectively. With CDD, the climate influence on the cooling energy consumption is assessed and with HDD the heating requirement is estimated. Finally, by applying the future projection of temperature data, the trend in CDD and HDD for 2011-2050 are predicted.
Data and methods
Shanghai municipality, with an area of around 6,340 km 2 and a population of over 23.8 million, is located in the center of the eastern coastline of China. Since the 1980s, Shanghai has experienced a rapid urbanization. Until 2012, the built-up area has covered 1,563 km 2 .
Data
In this study, the daily and monthly mean temperature data for 1981-2010 were obtained from the Shanghai Climate Center. The Xujiahui observatory has the longest instrument records in China since 1873. Since 1950, another ten meteorological observation stations have been established in urban and rural Shanghai (Fig. 1 ). With the rapid urbanization, some rural stations are now located in the urban area, such as Xujiahui, Minhang and Baoshan stations. This network provides daily, hourly and even more detailed meteorological observations. Table 1 shows the station's start year, the correlation coefficient of annual mean temperature at each station with that of Xujiahui station, as well as the standard deviation during 1981-2010. The spatial consistency of temperature is analyzed by calculating the correlation coefficient between Xujiahui's annual mean temperature and the other stations. All correlation coefficients in Table 1 are statistical significant at 0.01, which means that all stations change consistently with each other. Stations in the central city have a larger variance than those in the suburbs, reflecting the typical urbanized characteristics of the air temperature in Shanghai.
A high-resolution temperature projection (25 km) was derived by using a regional climate model (RegCM3), which was driven by a global model (CCSR/NIES/FRCGCMIROC3.2 − hires) under the A1B scenario. The projection data cover the period of 2011-2050. been used. This data comprises the electricity consumption in all economic sectors for Shanghai and was derived from the State grid Shanghai municipal electricity power company.
Methods
Monthly CDD and HDD are calculated based on the following formula:
Where M is the number of days in a month, T i is the daily mean temperature of day i and T base is the base temperature which will be determined later.
A piecewise linear fitting method is used to detect the breakpoint of the temperature series (Tomé and Miranda, 2004) . This methodology uses a leastsquares approach to compute the best continuous set of straight lines that fit a given time series, subject to a number of constraints on the minimum distance between breakpoints and on the minimum trend change at each breakpoint. In this paper, the breakpoint will be regard as the base temperature.
Results

Relationship between temperature and electricity consumption
During 2003-2007, the monthly mean temperature of Shanghai has a significant seasonal cycle (Fig.  2) , with the highest in August 2006 (29.7
• C), and the lowest in January 2005 (3.1
• C). From 2003 to 2007, the electricity consumption experienced a regular seasonal change similar to the temperature. In summer, there is a peak in electricity use due to high cooling demand. Further, a relatively lower peak in electricity use is found in winter mainly because of the growth in heating demand. The sub-peak of consumption in winter coincides with the minimum temperature; spring and autumn are transition seasons with a relative low consumption level; in summer, the cooling demand increases together with the temperature. This cycle repeats year by year. The monthly peak in electricity consumption in summer is much higher than that in winter. This dramatic increase in monthly electricity use might be caused by the growing economic development. The variation in daily electricity use shows also a weekly cycle with minimum on the weekend and maximum on the central working days (Figures are not  shown) . The data is divided into two different subsamples which separate the working days from the weekends. The relationship is nonlinear, and the weekend data show a better correlation with temperature than the working day data.
The piecewise linear fitting method is used here to test the breakpoints of the electricity consumption. The features are very similar and thus only results of the beginning (2003) and ending (2007) years are presented in Figure 3 . Based on the findings, the electricity consumption goes up dramatically when the temperature is above 20
• C or below 10 • C. Hence, the sensitive temperature for cooling is 20
• C and the sensitive temperature for heating is 10 • C. Figure 4 shows the 5-year mean (2003-2007) monthly temperature and electricity consumption. According to the results of section 3.1, the variation in electricity consumption is not sensitive to temperature when the mean temperature ranges between 10
Observed trends in HDD and CDD
• C and 20
• C. Based on this, the months from June to Septem- Figure 4 Monthly electricity consumption and temperature and related base temperature zones (2003-2007 mean) ber are regarded as the hot months in which cooling would be required to achieve thermal comfort in Shanghai, while December to February are defined as cold months when heating might be required. Combined with the local climate of Shanghai and the design standard for energy efficiency of residential buildings in hot summers and cold winters (CABR, 2001 ), a base temperature of 10 • C is defined for heating and 22
• C for cooling. Variations in the annual CDD and HDD during 1981-2010 are shown in Figure 5 . Here, only the cold months and the hot months have been calculated to represent a whole year's HDD and CDD. An increasing trend (8.0
• C d per year) in CDD and a decreasing trend (-6.1
• C d per year) in HDD are observed. For CDD, the trend is in line with the increasing trend in mean temperature in Shanghai, which can be linked to the combined effect of global warming and local urbanization. The heating requirement is a little bit lower than the cooling requirement. For example, the average annual HDD is 424
• C d, while CDD is around 500
• C d. 3.3 Spatial distribution of CDD and HDD Figure 6a shows the spatial distribution of the annual CDD for the base temperature of 22
• C. The urbanization effects in Shanghai are remarkable. For areas near the coast, the CDD are lower compared to those in the western and central regions. The greater CDDs are observed in the central city, where a heat island effect usually dominates in summer. The CDD in the urban area increased at a rate of 9.5
• C d per year in 1981-2010 (Fig. 6b) . Figure 7a shows the spatial distribution of annual HDD at the base temperature of 10
• C. Different from CDD, the lower values of HDD occur at the central city area and Pudong. This is because by the influence of the urban heat island effect, these regions are relatively warmer in winter. The maximum value of HDD is at Chongming station. In term of the linear trends, Shanghai's HDD decreased significantly in 1981-2010 (Fig. 7b) . In the central city a decreasing rate of -7.1
• C d per year is observed.
Correlation analysis
In order to explore the dependence of electricity consumption per capita on CDD, a correlation analysis was carried out. During warm months, a positive correlation (0.58) between monthly CDD and monthly electricity consumption is observed. The results show that for an increase of CDD by 1
• C d, about 402×10 3 kW h electricity was consumed. No significant correlation was found between monthly HDD and electricity consumption. Figure 8 . In warm months, the CDD would increase at a rate of 6.9
• C d per year, while the HDD would decrease at a rate of 2.1
• C d per year in cold months. 
Conclusions
In this paper, the relationship between electricity consumption and daily mean temperature in Shanghai was analyzed through the definition of the base temperature of CDD and HDD in warm months and cold months. Electricity demand shows significant seasonal variations.
First, the seasonal variations of electricity demand and temperature are compared. In summer, a high peak exists in electricity consumption due to great cooling demand. The relatively lower peak in electricity use is found in winter, mainly due to the growth in heating demand. It is observed that the base temperatures of electricity consumption are 22
• C in summer and below 10
• C in winter respectively. Second, the spatial distribution of CDD and HDD clearly shows the urbanization effects. By the influence of urbanization, the central city area experiences greater CDD in summer and lower HDD in winter. These results could be useful in the decision making of the electricity demand.
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Finally, the projected mean temperature for 2011-2050 implies a significant increase in CDD and a decrease in HDD. This may have implications on the future energy demand if the current energy consumption pattern does not change.
